It has been well demonstrated that phosphodiesterase-5A (PDE5A) is expressed in smooth muscle cells and plays an important role in regulation of vascular tone. The role of endothelial PDE5A, however, has not been yet characterized. The present study was undertaken to determine the presence, localization, and potential physiologic significance of PDE5A within vascular endothelial cells.
Introduction
In the vasculature, the nitric oxide/cyclic guanosine-3 ′ ,5 ′ -monophosphate/protein kinase G (NO/cGMP/PKG) signalling pathway is the fundamental endogenous vasodilator system known; however, its downstream pathway is still not well understood. 1 Historically, it has been believed that smooth muscle cells (SMCs) are the only reservoir of the phosphodiesterase-5A (PDE5A).
Recent studies demonstrate PDE5A expression/activity in other cell types, including cardiac myocytes 2 and vascular endothelial cells (ECs). 3 -5 However, its exact location or functional role in endothelium has not been fully characterized. Activation of soluble guanylyl cyclase by NO leads to an increased synthesis of the second messenger, cGMP, and stimulation of cGMP-dependent PKG. Mammalian PKG exists in two major forms: PKG1, a soluble enzyme consisting of a and b isoforms derived from alternative splicing from one gene, and PKG2, a myristoylated, membrane-associated form derived from a second gene. 6 Recent in vitro and in vivo studies on knockout mice identified SMC-derived PKG1 as a major mediator of cGMP signalling in the cardiovascular system. Little is known, however, on the role of endothelium-derived PKG in regulation of NO-mediated vasodilatation. The body of current literature provides evidence that most of the signalling molecules of the NO cascade, including NOS, 7, 8 sGC, PKG1, and PKA, 9, 10 localize to the subendothelial caveolae. Here we show that PDE5A is also localized at the level of caveolin-rich lipid rafts within vascular endothelium. The spatial localization led us to hypothesize that PDE5A may reciprocally regulate nitric oxide synthase (NOS3) activity. Until now, no direct link between endothelial PDE5A and NOS3 activity has been described in literature. We used both in vitro and in vivo models as well as human data to provide evidence that inhibition of endothelial PDE5A improves endothelial function, thus demonstrating a potential for PDE5A inhibitor therapy in human disease. Finally, the fact that we found PDE5A at the level of caveolar compartment provides a novel concept of a traditional NO/cGMP/PDE5A signalling pathway to be fully functional in vascular endothelium, independently on SMCs.
Methods
All animal protocols were approved by the Animal Care and Use Committee, Johns Hopkins University; the investigation confirmed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . All experiments involving human cells were conducted in full accordance with the US National Institutes of Health guidelines and Declaration of Helsinki.
Cell culture
After obtaining Ethical Committee approval, human aortic (HAECs) and human coronary artery (HCAECs) endothelial cells were isolated from samples retrieved from explanted hearts removed for orthotopic cardiac transplantation, as previously described. 11 Briefly, under sterile conditions, vessels were cut into 3-4 mm sections and placed for 2 days in fully supplemented ECM Medium (ScienCell Research Laboratories). After reaching 85% confluence, ECs were purified using CD31 Dynabeads (Invitrogen Corporation). The culture cellular composition was determined by their morphology and immunofluorescence. At least 98% of the cells were von Willebrand factor (vWF) (Santa Cruz Biotechnology)-positive. 12 Monoclonal antibody AS02 (Calbiochem-EMD Chemicals) was used to determine population of fibroblasts. 13 Primary mouse aortic (MAECs) and pulmonary (MPAECs) endothelial cells were harvested, as described earlier.
14 Cells were uniformly positive for Factor VIII (Innovex). Isolation of murine MPAECs was performed as previously described 15 using anti-endoglin (CD-106) antibodies (BD Transduction Lab), a mini-MACS separation unit (Miltenyi Biotec), and flow cytometry. Labelled cells were incubated with MACS Magnetic Goat Anti-mouse IgG (H1L) (Miltenyi Biotec) MicroBeads and Streptavidin (Miltenyi Biotec) MicroBeads, and then separated using a high-gradient magnetic separation column (Miltenyi Biotec). Bovine aortic (BAECs), human umbilical vein (HUVECs), and human pulmonary artery (HPAECs) endothelial cells were all purchased from Cambrex w (Cambrex Corporation).
Preparation of raft-enriched membrane fractions using detergent resistance method
Isolation of endothelial caveolin-1 was carried out according to earlier described methods. 16 Briefly, confluent monolayers of cultured BAECs were washed with phosphate-buffered saline (PBS) and subjected to a small amount of protein inhibitor cocktail in TKMT buffer (50 mM Tris, 25 mM KCl, 5 mM MgCl 2 , 1 mM ethylenediaminetetraacetic acid) containing 1% Triton X-100. After 20 min, cells were scraped and sonicated using PRO-200. Cell lysates (0.5 mL) were subsequently mixed with equal amount of 80% sucrose/TKMT buffer, on top of which 38 and 5% sucrose/TKMT were layered, and centrifuged at 285 000 g for 18 h using Beckman SW1T1 swinging bucket rotor at 48C in a Beckman Optima TM XL-100K Ultracentrifuge. Twelve fractions (1 mL each) were collected from the top of each gradient and placed on ice. Then, 150 mL of 15% of ice-cold trichloroacetic acid (TCA) was added to each aliquot. Suspension aliquots were then washed with acetone, and pellets were re-suspended in 5% sodium dodecyl sulphate (SDS)/PBS buffer. Protein quantitation was performed using Bradford's method.
Quantitative polymerase chain reaction
Total RNA was isolated using RNeasy Kit (Qiagen), DNase treated (Ambion), and reverse-transcribed using Superscript II (Life Technologies). Polymerase chain reactions (PCR) were performed in a GeneAmp 7900 sequence detection system (Applied Biosystems) using SYBR green PCR master mix, according to the standard protocol. To amplify specific gene products, the following intron-spanning primers were used: sense, 5
′ -CCTTGTGCAGAACTTCCAGA-3 ′ ; antisense, 5 ′ -TCCGTTGTTGAA TAGG CCAG-3 ′ . Mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was co-amplified as an internal control, using the following primer sequences: GAPDH sense: 5 ′ -CATCACCATCTTCCAGGA GCG-3 ′ ; antisense: 5 ′ -GAGGGGCCAATCCACAG TCTTC-3 ′ . Standard curves were performed using GAPDH to ensure appropriate RNA loading per sample.
2.4 PDE5A and PDE1A siRNA transfection PDE5A and PDE1A (NP_001003683.1) siRNAs were designed and synthesized by Dharmacon with the sequences CCTTGTGCAGAACTT CCAG and CCACATAGGAAGAAGTTTCG, respectively.
PKG1ab siRNA transfection
The catalytic domain sequence of bovine PKG1 (GenBank Accession No. X16086), base pairs 999 -2016, was used as the template to design the siRNA that targets PKG1a and b transcripts. siRNAs were synthesized by Qiagen, and the double-stranded small interfering RNA (ds-siRNA) that we used to silence PKG, was generated as previously described 17 by annealing the two strands, namely sense, r(CCU UCU UUA UCA UCA GUA A)dTdT, and antisense, r(UUA CUG AUG AUA AAG AAG G)dTdG. in order to achieve multiplicity of infection (MOI) between 30 and 125. Viral vectors were driven by CMV promoter in cell culture applications and Tie2 promoter in vascular experiments requiring targeted transfection of vascular endothelium.
Transfection with recombinant adenovirus

Transfection with recombinant PKG1a virus
DsRed monomer was cloned by PCR from pDsRed-N1 (Clontech) vector using a forward primer (5 ′ -GGATTTAAACTCGAGCGCCACCATGG ACAACACCGAG-3 ′ ) and a reverse primer (5 ′ -TCCTTTAAACTACT GGGAGCCGGAGTGGC-3 ′ ). The PCR product was then inserted into a shuttle vector using the TA Cloning Kit (Invitrogen Corporation) following the manufacturer's protocol. EcoRI was used to subclone DsRed monomer into Adenovirus serotype V vector, driven by a CMV promoter. PCR was again performed using a forward primer (5 ′ -GAATTCGGAT CCGCCACCATGGACTACAAAGACCATGACGGTGATTATAAAGAT CATGACATCGATTACAAGGATGACGATGACAAGATGAGCGAGCT AGAGGAAGAC-3 ′ ) and a reverse primer (5 ′ -GAATTCTTATGGAT CCATGAAGTCTATATCCCATCCTGAG-3 ′ ) to add a 3× Flag at the N terminus and to delete the stop codon at the C terminus of human PKG1a coding sequence. BamHI was further used to subclone Flag-tagged PKG1a into the Ad-DsRed vector described above; it was inserted at the N terminus of DsRed monomer and formed an in-frame fusion protein.
All the PCR products and in-frame junction were sequenced. Adenovirus was produced in 293 cells after recombination with the virus DNA and further purified using CsCl method. Final concentrated virus was dialyzed in Tris-MgCl buffer and the titre is 6.36 × 10 9 pfu/mL. The cells were transfected for 24 or 48 h, depending on experimental requirements.
Protein activity assays
cGMP-dependent PDE activity assays are given as follows: (1) ; (2) Nitrate/Nitrite Colorimetric Assay (Cayman Chemical); (3) Fluorimetric DAF2 using Cell-Associated NOS Detection Kit (Sigma-Aldrich); DAF2-DA fluorescence was quantified using MetaMorph software.
cGMP-dependent PKG activity was assayed by colorimetric analysis (CycLex; MBL International Corporation, Woburn, MA, USA) from EC extracts according to the manufacturer's instructions, as previously described. 18 Total endothelial PKG activity is expressed as relative light units (arbitrary units) per mg of protein. Total PKG activity was expressed as a percentage of the control.
Western blotting and immunoprecipitation analysis
The blots were probed with the following primary antibodies: PDE5A, P-eNOS(S1177); P-PDE5A(S92) antibody was a gift from D. Koesling, Institut für Pharmakologie und Toxikologie, Bochum, Germany; PKG 1b (Stressgen Bioreagents); PKG 1a antibody was a gift from Dr Michael E. Mendelsohn, Molecular Cardiology Research Institute, Tufts-New England Medical Center, Boston, MA, USA; NOS3 polyclonal IgG (Santa Cruz Biotechnology); P-eNOS(S1179) (Invitrogen Corporation), Caveolin-1 monoclonal IgG1 (BD Biosciences), sGC 1a (Sigma-Aldrich). For PDE5 immunoprecipitation, PDE5 antibody (a gift from S.S. Visweswariah, Indian Institute of Science, Bangalore, India) and Pierce Seize X Immunoprecipitation Kit were used. The immunopositive bands were visualized by using SuperSignal w Chemiluminescent Kit (Pierce). Antibody Stripping Buffer (FabGennix, Inc.) was used for re-probing the membranes. The intensities of the resulting bands were quantified by using Software Image J 1.43s NIH.
Confocal and electron microscopy
Cells were fixed and probed with the appropriate primary antibody tagged to PDE5A and Alexa red and NOS3 tagged to Alexa green (Alexa Fluor 488 and 546 IgG, respectively; Molecular Probes), and mounted with Vectashield DAPI mounting medium (Vector Laboratories, Inc.). All images were acquired within 1 h using Zeiss LSM510 confocal microscope equipped with a 20×, 63×, or 100× C-Apochromat 1.2 NA water immersion objective lens. Images were processed using Adobe Photoshop w software (Adobe Systems). Confluent ECs were processed as described previously. 19 Cell pellets were fixed in 4% formaldehyde in 0.1 M sodium cacodylate supplemented with 3% sucrose and 3 mM CaCl 2 and cryoprotected in 2.3 M sucrose overnight, in polyvinylpyrrolidone (Sigma) and frozen in liquid nitrogen. Ultrathin sections were cut on a Leica Ultracut UCT microtome, and sections were placed on formvar-coated nickel 200 mesh hexagonal grids. The sections were incubated in primary antibody for either 1 h at room temperature or overnight at 48C at a concentration of 10 mg/mL. Primary antibodies were detected 6 nm colloidal goat anti-rabbit (Jackson Immuno-Research) diluted 1:20 in PBS for 1 h. Final contrasting of the sections was done by incubating them in 2% methyl cellulose (Sigma) and 0.3% uranyl acetate (Ted Pella) for 10 min at 48C. All sections were viewed with a Hitachi 7600 TEM at an accelerating voltage of 80 kV. Images were taken with an AMT digital camera.
Physiological studies 2.11.1 In vivo gene transfer technique
Details of the transfection procedure have been previously reported by our laboratory. 15, 20, 21 Male C57BL/6 mice (20 -30 g) were anesthetized with isoflurane (2%), endotracheally intubated, and ventilated on a thermoregulated table at 378C. The left external jugular vein was dissected and cannulated. Mice were cooled with a water jacket to a core temperature of 19 -218C (heart rate ≈ 100 b.p.m.), the distal pulmonary artery (PA) was clamped, and Adbgal or AdVTie2PDE5A injected IV (30 mL). The PA clamp was released after 5 min, inotropic and/or pacing support provided as needed, the mouse was warmed to 378C for 30 -40 min, and the chest closed. This method of gene transfer yields broadly distributed transfection throughout the pulmonary vasculature, with approximately 60% of individual EC being transfected (based on the analysis of b-gal expression). 15 Tie2-based gene expression peaks at 3 -4 days and gradually declines thereafter returning to baseline over the ensuing 1 -2 weeks. Therefore, we performed all functional analyses 3 -4 days after gene transfer.
Isolated mouse PA segments
Post-transfection (see Section 2.11.1), a second-order PA was isolated, and 2 -3 mm vascular rings were subjected to further testing. Vascular segments were secured within Halpern -Mulvany myography chamber (Living Systems Instrumentation, Burlingon, VT, USA). Luminal diameters were monitored on the computer screen under basal conditions and in the presence or absence of vasoconstrictors/vasodilators. The resting tension-internal circumference relation was determined for each segment according to Mulvany and Halpern. 22 
Statistical analysis
Data are reported as mean + SEM. Differences between multiple experimental groups were compared by analysis of variance. Analysis between two groups was performed by t-test (paired or unpaired as appropriate).
Endothelial PDE5A modulates NOS3 Prism 5.0 and Microsoft Excel programs were used to analyse and graphically represent data.
Results
3.1 PDE5A gene is actively expressed in vascular endothelium and its primary location is at the level of caveolin-rich lipid rafts
Gene expression of PDE5A-mRNA in vascular ECs was studied using quantitative PCR (qPCR). When data were normalized for GAPDH, a significant and comparable expression of mRNA was found in all cell types (data not Figure 1A . We next measured total cGMP-dependent phosphodiesterase (PDE) activity in order to characterize PDE5A activity. As depicted in Figure 1B , when MPAECs were treated with two selective PDE5A inhibitors sildenafil (sild) and tadalafil (tad) at 1 mM/48 h, approximately 59 and 49% of the total cGMP-dependent PDE, respectively, was due to PDE5A activity (as represented by the black bars; Figure 1B) . Confirmation using the same assay was performed after transfection of siRNA against two major cGMP-dependent endothelial phosphodiesterases (PDE5A and PDE1A) for 36 h. Approximately 40% of cGMP-dependent PDE activity in vascular endothelium was attributable to PDE5A, whereas PDE1A contributed 25% (as depicted by the values shown in the black bars of Figure 1B ). These data suggest that 65% of the total cGMP-dependent PDE activity in the mouse pulmonary endothelium is due to PDE5A and PDE1A. The remaining 35% of cGMP-dependent PDE activity is most likely due to the presence PDE5A isoforms that were not detected by our method (e.g. PDE5A1, PDE5A2, or PDE5A3). IMBX, a non-specific PDE inhibitor, blocked about 85% of cGMP-dependent PDE, suggesting that activity of endothelial PDE8 and PDE9 is about 15% (data not shown).
We next sought to determine the subcellular localization of endothelial PDE5A. Confocal microscopy and staining with antibodies against vWF confirmed primary human EC culture purity to be .98% (data not shown). We observed a diffuse staining pattern with antibody to PDE5A in all tested cell types and in cultured human coronary ECs. Given the spatial localization of NOS3 within caveolae, 8 as well as immunohistochemical evidence for sGC and PKG at or near caveolae, 9,10 we hypothesized that perhaps PDE5A
is also present at or near caveolae, as a mechanism to regulate cGMP/PKG activity. Immuno-gold 6 nm particles showed PDE5A to be heavily concentrated within the subendothelial invaginations of BAECs ( Figure 1C, white arrows) . A scattered distribution of PDE5A was also seen in cytosol ( Figure 1C , white interrupted arrows). These findings were further supported by immunoblotting of subcellular fractionation of BAECs showing co-expression of caveolin-1 (Cav-1) and PDE5A ( Figure 1D-F ), which correlated with significantly increased cGMP-dependent PDE activity (P , 0.05) following PDE5A immunoprecipitation ( Figure 1E ). In addition, we observed a high level of Phospho-PDE5A(S92), NOS3, Phospho-NOS3(S1179), and PKG1b in selected caveolin-rich lipid raft fractions ( Figure 1F ).
These data demonstrate precise spatial confinement of PDE5A within plasmalemmal caveolae-rich lipid raft fractions.
Endothelial PDE5A reciprocally modulates NOS3 activity
To determine whether PDE5A can interact with NOS3 and reciprocally modulate its activity, we first transfected ECs with AdPDE5A. Immunoblotting confirmed a progressive increase in PDE5A expression in an MOI-dependent manner (Figure 2A) . (G) Cells were kept in culture in the presence of PDE5A inhibitor or vehicle control for 24 and 48 h and NOS3 activity was measured by NO x production in culture medium (n ¼ 6, *P , 0.05, +SEM).
Endothelial PDE5A modulates NOS3
The fact that AdPDE5A leads to a parallel increase in total NOS3 expression raised the possibility that NOS3 activity might also be under PDE5A modulation. We found a significant 50% reduction in NOS3 phosphorylation at S1179 following adenoviral PDE5A overexpression (P , 0.001); cells transfected with AdNOS3 served as a positive control giving a 30% increase in P-NOS3(S1179), when compared with cells transfected with Adbgal ( Figure 2B ; P , 0.05).
In next series of experiments, we tested the role of endothelial PDE5A overexpression on several indices of NOS3 activity. We used quiescent MPAECs infected with AdPDE5A at MOI 50 that resulted in three-to five-fold increase in PDE5A protein expression and a 25% increase in total cGMP-dependent PDE activity ( Figure 2C ). Under these conditions, endothelial PKG activity decreased by about 60% (Figure 2D) , whereas the conversion of Figure 2E ) and 25% ( Figure 2F) , respectively. We then determined the role of PDE5 inhibitors on NOS3 activity under basal conditions. Treatment with sildenafil for 48 h resulted in a significant 20% increase in NO x in culture medium ( Figure 2G ; P , 0.05) and about 15% increase in NOS3 activity by DAF2 fluorescence (data not shown), when compared with control to which vehicle was added accordingly. These data demonstrate that endothelial PDE5A can reciprocally regulate NOS3 activity.
Modulation of NOS3 activity occurs via endothelial PKG1
As mentioned earlier, overexpression of PDE5A downregulated PKG1 activity ( Figure 2D ). This led us to a hypothesis that perhaps the mechanism responsible for reciprocal interactions between NOS3 and PDE5A might occur via PKG1 signalling pathway. To test this, we first transfected MPAECs with dsRed-AdPKG1a for 48 h. Figure 3A compares typical phenotypic changes in endoplasmic structure of dsRed-AdPKG1a-transfected cells with reporter virus. Protein activity assay revealed a statistically significant four-fold increase in PKG activity following transfection of ECs with AdPKG1a, when compared with the reporter virus or untransfected cells ( Figure 3B , P , 0.001). PKG activity in ECs transfected with Adbgal is lower than that in quiescent cells, but statistically insignificant (P ¼ 0.0668; two-tailed t-test). Immunoblotting confirmed that 48 h infection with dsRed-AdPKG1a induced NOS3 phosphorylation at S1177 in human ECs ( Figure 3C ). As expected, PKG1 overexpression resulted in a significant 15% increase in NO x in culture medium ( Figure 3D ; P , 0.05) and about 35% increase in NOS3 activity by DAF2 fluorescence ( Figure 3E ; P , 0.05), when compared with cells transfected with Adbgal alone. We next tested the role of PKG1 inhibition in modulating NOS3 activity. We successfully used an siRNA strategy to generate a population of bovine endothelial PKG1ab 'knockdown'. Densitometry analysis confirmed a 50% decrease in PKG1b protein expression following infection of BAECs with 25 nM siRNA, in the absence or presence of 8Br-cGMP ( Figure 4A ). 8Br-cGMP alone served as a positive control and increased PKG1 protein expression by two-fold (P , 0.005). About 70% decrease in PKG activity was observed following transfection with siRNA, in the absence or presence of 8Br-cGMP ( Figure 4B , P , 0.05). Under these conditions, the ratio of phosphorylated/total NOS3 (P/T-NOS3) decreased by almost 50% ( Figure 4C ; P , 0.05) and calcium-dependent conversion of [ 14 C]arginine to citrulline decreased by 50-65% ( Figure 4D ; P , 0.01-0.0001) confirming, again, a direct role of PKG1 in NO production.
PDE5A has a significant physiologic impact on vascular endothelium and pulmonary circulation
On the basis of the PDE5A and NOS3 caveolar compartmentalization, we hypothesized that PDE5A can regulate vascular tone through modulation of endothelial NO synthase activity. To determine physiological impact of endothelial PDE5A on pulmonary endothelial function, we used a mouse model for in vivo gene transfer technique of an adenovirus expressing PDE5A driven by a Tie2 promoter. This allowed us to overexpress PDE5A directly into PA endothelium ( Figure 5A ). Selective EC transfection was confirmed using PECAM beads, as well as western blotting for vWF and Tie2 (data not shown). AdGFP-PDE5A-transfected vascular rings showed over two-fold increase in cGMP-dependent PDE activity and concomitant 40% decrease in NOS3 activity (data not shown). Western blotting of isolated pulmonary ECs further confirmed that our transfection was specific to vascular endothelium ( Figure 5B ). When we isolated pulmonary arterial segments and used myography chamber to track changes in luminal diameter, vascular rings transfected with Adbgal showed a significantly greater flow-mediated vasodilation than PDE5A transfected vessels ( Figure 5C , black squares; P , 0.05). As represented by a curve with black circles in Figure 5C , this response was significantly blunted in the setting of adenoviral GFP-AdPDE5. After 5 days post-transfection, we performed in vivo pressure-flow relationship measurements in paced animals. Any given increase in mean pulmonary artery pressure in mice selectively transfected with AdGFP-PDE5A caused a significant (P , 0.05) shift of the curve to the right that was similar to animals pre-treated with NOS inhibitor, L-NAME, for 1 week (data not shown); on the other hand, selective overexpression of NOS3 to the endothelium caused a shift of the curve to the left (data not shown). We also observed that in the presence of sildenafil, vascular rings were significantly more susceptible to both flow-and acetylcholine-mediated vasodilation ( Figure 5D , P , 0.05). Moreover, when mouse pulmonary vascular endothelium was selectively transfected with siRNA to the endothelium, there was a significant enhancement of Ach-and flow-mediated vasodilation ( Figure 5D, P , 0.05) . 23 These data not only provide evidence that reduction in flow-dependent vasodilation is related to the balance between endothelial PDE5A and NO production, but also supports our previous findings on ECs in culture (Figure 2 ).
3.5 PDE5A is highly upregulated in pulmonary endothelium isolated from patients with pulmonary hypertension A number of clinical studies have reported the beneficial effect of PDE5A inhibition in the treatment of primary pulmonary hypertension (PH). 24 -27 Although it is believed that beneficial effect is due to inhibition of PDE5A derived from pulmonary vascular SMCs, we hypothesized that pulmonary ECs also contribute in this process.
To test this hypothesis, we isolated pulmonary ECs from patients with known PH and healthy donors. As expected, a significant increase in PDE5A expression and activity was detected in ECs isolated from patients with PH ( Figure 5E ). In addition, more than 60% inhibition of total cGMP-dependent PDE activity was observed in the presence of sildenafil and tadalafil (1 mM) in pulmonary ECs from patients with PH (P , 0.0001). Although a considerable inhibition of cGMP-dependent PDE activity was also seen in donor ECs treated with PDE5 inhibitors, the differences were not statistically significant when compared with quiescent donor cells.
Discussion
The importance of SMC-derived PDE5A in regulation of vascular tone is widely accepted. Although few reports suggest the presence of PDE5A in vascular endothelium, location of endothelial PDE5A, or its functional role, has not yet been characterized. Ashikaga et al.
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reported that PDE5A is expressed in cultured BAECs, whereas Netherton and Maurice 4 found PDE5A in other EC types, including human microvascular ECs. Zhu et al. 3 noted that in pulmonary microvascular ECs, activation of particulate guanyl cyclase by atrial natriuretic peptide and inhibition of PDE5A by zaprinast reduced growth and induced apoptosis. The major finding from our study is that we provide an exact localization of PDE5A within vascular ECs. This is also the first study to report a role of endothelial PDE5A and PKG1 in regulation of vascular tone through modulation of NO production.
A growing body of literature suggests that the basic machinery for the NO/cGMP/PKG signalling pathway is present within caveolin-rich lipid rafts. Others have shown that NOS3, 7, 8 sGC, PKG, and PKA 9, 10 are at or near caveolae. Caveolae represent a plasma membrane subdomain enriched with cholesterol, glycosphingolipids, and structural proteins and have been intensively studied as domains for the Figure 6 Schematic representation of reciprocal feedback loop between endothelial PDE5A, NOS3, and PKG1. Overexpression of endothelial PDE5A results in a reciprocal reduction in NOS3 activity and phospho-NOS3 expression. Concomitantly, a significant decrease in PKG1 activity occurs and further potentiates vascular dysfunction. These processes can be reversed by either PDE5A inhibitors or PKG1 overexpression.
Endothelial PDE5A modulates NOS3 compartmentalization of plasma membrane-linked signal transduction pathways. The fact that we found PDE5A to be also localized within the caveolae, not only provides a novel concept of a traditional NO/cGMP/PDE5A signalling pathway, but also underlines the fundamentally important role of PDE5A and cGMP in the molecular mechanism of endothelium-mediated vasorelaxation, especially in conditions leading to endothelial dysfunction. A double band pattern of bovine PDE5A during western blotting ( Figures 1A and  2A) had been previously reported in other ECs 4 and SMCs 28, 29 and requires further investigation. This could possibly be explained by an enhancement of one of the PDE5 isoforms (A1, A2, or A3) during protein overexpression with AdPDE5A which are usually very difficult to separate on western blotting due to a similar molecular size. 30 On the other hand, it might correspond to the phosphorylated, higher-moiety and unphosphorylated, lower-moiety forms.
Our data demonstrate that modulation of endothelial PDE5A activity results in reciprocal changes in NOS3 activity (see Figure 6) . Under basal conditions, treatment of human endothelium with PDE5A inhibitors resulted in a significant increase in NOS3 activity and phosphorylation, whereas overexpression of PDE5A using an adenoviral vector or PH model, both in vivo and in cell culture, resulted in a reciprocal reduction in NOS3 activity and endotheliumdependent vasodilation. Interestingly, under these conditions, total NOS3 expression is upregulated. In addition, we found that PDE5A overexpression leads to a significant decrease in PKG1 activity. The role of PKG in NOS phosphorylation has not been well studied in the literature. Butt et al. 31 found that purified recombinant endothelial NOS3 can be strongly phosphorylated by PKG2, whereas PKG1 showed much less 32 P incorporation into the enzyme. The fact that PKG1 overexpression with adenoviral vector leads to a 35% increase in NOS3 activity and rapid NOS3 phosphorylation at S1177 in human EC indicates reciprocal and direct interplay between NOS3 and PKG. A significant decrease in both phosphorylated to total NOS3 ratio and calcium-dependent NOS activity following transfection of ECs with PKG-siRNA further supports this finding. The fact that we observed a significant and flow-dependent vasodilation in pulmonary vascular rings selectively transfected with Adbgal, but not with AdPDE5A, together with our in vivo data strongly suggests that reduction in flowmediated vasodilation is related, at least in part, to PDE5A and depletion in NO production. A similar effect was obtained in animals pre-treated with L-NAME. We also observed that in the presence of either sildenafil or PDE5-siRNA, vascular rings were significantly more susceptible to both acetylcholine-and flow-mediated vasodilation. In addition, a significant decrease in total cGMP-dependent PDE activity was observed in pulmonary ECs harvested from patients with PH in the presence of PDE5 inhibitors, again, further supporting a key role of PDE5A in pathology of the disease. Collectively, these data suggest a strong relationship between endothelial PDE5A and PKG1 that may contribute to modulation of NO production, independent of SMCs.
Mechanisms
The proposed molecular mechanisms responsible for the regulation of endothelial-dependent vascular tone appear to involve direct reciprocal interactions between endothelial PDE5A, NOS3, and PKG. We studied the role of Akt in this process; however, we did not observe any statistically significant differences in expression or activity of P-Akt(S473) (data not shown).
In summary, we demonstrate primary location of PDE5A at or near caveolae in vascular ECs. The spatial localization of PDE5A at the level of caveolin-rich lipid rafts allows for a feedback loop between endothelial PDE5A and NOS3 via cGMP-dependent second messenger. This study reveals several new points helping to elucidate the nature of endothelial PDE5A and its regulation of NO production and vascular tone. Further research on the involvement of PDE5A in PH, diabetes, atherosclerosis, erectile dysfunction, as well as inflammation, angiogenesis, and tumour formation is needed in order to help better understand the importance and involvement of PDE5A in our physiology as well as to provide new and exciting therapeutic options in the future.
